Introduction
The development of imaginal discs in Drosophila provides a paradigm for the identification of molecules that control the growth and fate of cells in a secondary embryonic field (French et al., 1976) . Drosophila imaginal discs are specified by 5 hr of embryogenesis and can be recognized later as small sacs of epithelial cells that have invaginated from the epiderm is Couso et al., 1993) . At this stage, they are endowed with positional identity from homeotic genes that dictates the formation of segmentally appropriate structures and from the spatially restricted expression of at least two other genes that may provide primitive spatial coordinates, engrailed is expressed heritably only in posterior cells of the disc primordia and prevents subsequent mixing of anterior and posterior cells, thereby directing the formation of a compartment boundary along the dorsoventral axis (Garcia-Bellido et al., 1973; Morata and Lawrence, 1£75) . wingless (wg) expression is confined to ventral regions of early leg and wing discs and is required for cells to adopt ventral fates (Baker, 1988; Couso et al., 1993; Williams et al., 1993) . Imaginal disc cells proliferate during the three larval instars to form a folded epithelial sheet that everts and differentiates into superficial adult structures during pupation. Cells near the center of a leg disc form the most distal tarsal segments, whereas more peripherally located cells form proximal leg structures (Bryant, 1980) . The basic or-*Present address: Friedrich-Miescher Labor der Max Planck Gesellschaft, Tubingen 72076, Federal Republic of Germany.
ganization of a leg disc could therefore be specified by providing each cell with information specifying its dorsoventral position, distance from the center of the disc, and anterior or posterior identity. Strong molecular candidates for conveying this type of positional information include hedgehog (hh) and members of the transforming growth factor ~ (TGF~)/bone morphogenetic protein (BMP) and Wnt families.
The hh gene encodes a secreted protein (Lee et al., 1992; Taylor et al., 1993; Tabata and Kornberg, 1994) that is required for normal imaginal disc development (Mohler, 1988; Heberlein et al., 1993; Ma et al, 1993) and for embryogenesis (Nusslein-Volhard and Wieschaus, 1980) . In embryos, hh acts to maintain expression of wg in adjacent cells (Ingham, 1993) and over a greater distance to influence differentiation of epidermal cells (Heemskerk and DiNardo, 1994) . hh is transcribed in posterior cells of thoracic imaginal discs (Lee et al., 1992; Tabata et al., 1992) but influences growth and pattern in both anterior and posterior compartments (Mohler, 1988; Basler and Struhl, 1994) , apparently by inducing the transcription of other secreted molecules such as the TGFI3/BMP homolog decapentaplegic (dpp) in cells at the anteroposterior (AP) compartment boundary (Basler and Struhl, 1994) . It is therefore of crucial importance to understand how hh regulates gene expression at the AP border.
Members of the hh family provide a focus for comparative studies of inductive events in a variety of organisms. Vertebrate hh homologs have been implicated as key extracellular signals in limb organization and in induction of neural floor plate by notochord (Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993; Chang et aL, 1994; Roelink et al., 1994) . Furthermore, the initial steps of hh signal transduction may be conserved since similar phenotypes were induced in Drosophila embryos by overexpression of Drosophila, zebrafish, or mouse hh (Krauss et al., 1993; Chang et al., 1994) .
Only a small number of genes, including patched (ptc), have been identified as possible participants in hh signal transduction during embryonic or imaginal disc development. In both embryos and imaginal discs, loss-of-function ptc mutations and ectopic hh expression lead to similar phenotypes, whereas overexpression of ptc can counteract the normal activity of hh in regulating gene expression (Ingham et al., 1991; Sampedro and Guerrero, 1991; Ma et al, 1993; Schuske et al., 1994) . Ptc is an integal membrane protein and may therefore serve as a receptor for hh (Hooper and Scott, 1989; Nakano et al., 1989; Taylor et al., 1993) .
Protein kinase A (PKA) is the major effector for the classical intracellular second messenger, cyclic AMP (cAMP). It might therefore participate in a number of developmentally significant cell interactions but would not be identified readily by classical genetic screens for specific embryonic or imaginal phenotypes. We show here that PKA is required to restrict the expression of dpp, wg, and ptc to anterior cells close to the AP boundary of leg and wing (B and C) Mutant clones, marked by bristle color at the margin (y), never include veins, are bounded by ectopic veins, and have increased bristle density. On the wing blade, the location of clones is inferred as an area of increased hair density that includes no veins and is bounded by ectopic veins. In (B) and (C), these areas appear lighter and extend from the "y" clones at the margin. (B) PKA mutant clone associated with additional anterior wing tissue consisting of a mirrorimage duplication of pattern elements normally found between vein 2 and the AP border. (C) PKA mutant clone (y) associated with a supernumerary wing blade that contains nearly symmetrical anterior pattern elements. (D) Anterior surface of first tarsal segment of wild-type third leg with the most dorsal bristle column (1) at the lower surface. (E) Anterior surface of first tarsal segment of third leg containing a duplication of the y+ dorsolateral bristle column (2) around two )r ectopic bristle columns that mark the location of a PKA mutant clone (y). This leg also has a local duplication of the extreme ventral bristle column (4) that is not closely associated with a column of y-bristles. The pictured leg is atypical since it contains both dorsal and ventral phenotypes, presumably due to separate PKA mutant clones. (F) Supernumerary leg (above) that is distally complete except for the absence of claws. It contains a symmetrical pattern of anterior bristle columns including two y-columns but no posterior tissue.
imaginal discs. We also investigate the relationship between ptc and PKA in hh signal transduction and define the contributions of ectopically expressed dpp and wg to adult pattern duplications induced by PKA mutant clones.
Results

PKA Mutant Clones Organize Pattern Duplications in Imaginal Disc Derivatives
PKA holoenzyme consists of two catalytic subunits and a regulatory subunit dimer that dissociates upon binding cAM P, thereby activating the catalytic subunits. To investigate functions of PKA in imaginal disc development, we induced clones of cells homozygous for a null mutation in the catalytic subunit gene DCO in heterozygous first instar larvae by catalyzed mitotic recombination (Xu and Rubin, 1993) . Derivatives of all imaginal discs examined, including wings, halteres, legs, and antennae, frequently exhibited duplications that included marked PKA mutant clones. Imaginal pattern duplications were also induced by several hypomorphic DCO alleles (A13, C2, 581) but not by the weakest DCO alleles (BIO, B12), which are associated with PKA activities in excess of 15% of wild type (Lane and Kalderon, 1993; Skoulakis et al., 1993; W. L. and D. K., unpublished data) . We have focused on the effects of PKA mutations on wing and leg development in order to understand the molecular basis for these effects.
Three features were common to all wings that included single PKA mutant clones extending to the wing margin. First, ectopic tissue and pattern alterations were induced only by clones in the anterior compartment and involved only anterior cells, even though marked clones were of similar size and were recovered at similar frequency in the anterior and posterior compartments. Second, the observed pattern alterations included, but extended beyond the location of the PKA mutant clones (Figures 1B and 1C) , implying that these clones had altered the growth and fate of neighboring cells. Third, the extent of induced pattern alterations increased with the distance of the PKA mutant clone from the AP compartment boundary.
These three principles also applied to phenotypes observed in legs. However, pattern alterations were generally confined to either dorsal or ventral regions and usually involved duplication of only one or two bristle columns ( Figure 1E ). Also, ventral and ventrolateral bristle columns containing PKA mutant clones were only rarely recovered, even though pattern alterations were almost as common ventrally as dorsally, implying limited growth or viability of clones in these regions. Supernumerary legs ( Figure  1F ) contained only anterior bristle columns, were usually distally incomplete, and were generally associated with marked clones or pattern disruptions in both dorsal and ventral regions proximal to the site of bifurcation.
The observed adult phenotypes were very similar to those induced by ptc mutant clones (Phillips et al., 1990) or ectopic expression of hh (Basler and Struhl, 1994) and suggested that anterior PKA mutant clones adopted fates and pattern-organizing activities characteristic of cells close to the AP compartment boundary.
Transcription of dpp and Other Genes Normally
Expressed at the AP Compartment Boundary Is Induced in Anterior PKA Mutant Clones
Ectopic transcription of dpp causes pattern alterations in legs and wings (Capdevila and Guerrero, 1994; DiazBenjumea et al., 1994; G. Struhl, personal communication) and can be induced in anterior cells by loss-offunction mutations in the ptc gene or by ectopic expression of hh (Basler and Struhl, 1994; Tabata and Kornberg, 1994) . We therefore examined the expression of dpp as well as wg, ptc, and hh by in situ hybridization to RNA or by using reporter genes, dpp was ectopically expressed in PKA mutant clones in anterior (E) ptc-lacZ (green) expression at the AP border and ectopically in both dorsal and ventral anterior regions of a leg disc (F and G) at sites where the Myc epitope (red) is absent. PKA mutant clones in the posterior compartment do not express ptc-lacZ.
(H) Higher magnification of a wing disc showing that only cells that lack the (red) Myc epitope and are therefore mutant for PKA ectopically express ptc-lacZ (green). All staining is cytoplasmic so single cells can be resolved according to dark nuclei against the bright red or green background.
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but not posterior regions of wing discs ( Figure 2A ). In leg discs, strong ectopic dpp expressio,~ was observed in dorsal anterior regions and very weak ectopic expression in ventral anterior regions, reflecting the normal dorsally accentuated expression of dpp adjacent to the compartment boundary ( Figure 2B ). By contrast, a wg-lacZ reporter gene, which is normally expressed in a ventral anterior sector adjacent to the posterior compartment, was found to be expressed ectopically only in PKA mutant clones located in anterior ventrolateral regions of leg discs (Figures 2C and 2D 
Transcriptional Induction in PKA Mutant Clones Does Not Require Normal hh Activity
To test the role of hh in generating these phenotypes directly, we used a temperature-sensitive allele of hh (Ma et al., 1993) . PKA mutant clones were either induced in first instar larvae at the permissive temperature (18°C) followed by a shift to the restrictive temperature (28°C) at third instar (Figures 3A and 3B) or were induced in second instar larvae 4 hr after shifting to the restrictive temperature ( Figures 3C and 3D ). In each case, ptc staining was (blue) in anterior (left) regions of the wing disc that include primordia for the wing and notum. Note the distorted shape of the wing disc and ectopic folds that correspond to the developing ectopic wing blade. GAL4 UAS-R* in enhancer-trap lines, Cl16-2 and 1J3, caused anterior wing expansions and distally truncated tarsae with multiple ectopic bristle columns, respectively. Animals with GAL4 UAS-R* and GAL4 UAS-mC* together with E62-2, 1J3, or C116-2 all had normal legs, blistered wings, and no cuticular outgrowths or duplicated wings, demonstrating epistasis of mutant catalytic subunit over mutant regulatory subunit when expressed at similar levels.
Pattern Alterations and Ectopic Transcription Can Be Induced by a PKA Inhibitor
We used a mutant regulatory subunit transgene (GAL4 UAS-R*) to inhibit PKA function at predetermined locations. Expression of the transgene under the influence of enhancer-trap lines that express GAL4 in imaginal discs was found in several cases to cause adult patterning defects. For example, expression in wing discs of line E62-2 ( Figure 4B ) produced adults with a small ectopic wing and a large cuticular outgrowth on the notum im mediately anterior to the wing ( Figure 4A ). In each case, imaginal discs showed corresponding alterations in morphology and expressed dpp, wg, orptc ectopically at reproducible anterior locations ( Figure 4C ).
Localized PKA Inactivation Can Substitute for hh in Promoting Disc Growth
To test whether inhibition of PKA could substitute for hh function in anterior cells at the AP border, we directed the expression of the mutant regulatory subunit to these cells by using a ptc-GAL4 enhancer-trap line (Hinz et al., 1994) . Cells at the AP border that express high levels of the mutant regulatory subunit would be expected to induce ptc-GAL4 transcription, providing positive transcriptional feedback that might allow continued localized expression in the absence of hh. Animals homozygous for a temperature-sensitive hh mutation (hh ~2) and carrying GAL4
UAS-R* and the ptc-GAL4 enhancer-trap were kept at 18°C during embryogenesis to establish the normal pattern of ptc-GAL4 expression. First instar larvae continued to grow after transfer to the restrictive temperature until third instar, forming wing imaginal discs of normal size that expressed ptc along the AP border ( Figure 5A ). In contrast, control animals homozygous for hh t`2 contained only very small imaginal discs and did not express elevated levels of ptc at the AP border ( Figure 5B ). Thus, PKA were incubated at the restrictive temperature (28°C) between first and third larval instars. The disc is of normal size and expresses ptc (blue) strongly at the AP border and at two ectopic sites in the anterior compartment that correlate with minor distortions in disc morphology.
(B) hh~21hhts2 animals that lack the mutant regulatory subunit transgene treated identically produced third instar larvae with very small discs (same scale as A) and uniform anterior expression of ptc.
inhibition in anterior cells at the AP border could induce ptc expression and substitute for the growth-promoting activity of hh during larval life.
Ectopic dpp and wg Expression Contribute to Pattern Abnormalities Induced by PKA Mutant Clones
PKA mutant clones in imaginal discs express the secreted molecules dpp and wg cell autonomously, but produce pattern alterations in adults that involve not only PKA mutant cells but also neighboring cells. We wished to determine which of the observed autonomous and nonautonomous effects of PKA mutant clones in adults were due to ectopic expression of dpp or wg. We therefore generated clones that simultaneously lost functional alleles for two or all of the three genes DCO, dpp, and wg. Null dpp alleles (dpp "46 and dpp H6r) suppressed the majority of pattern defects in wings, notum, halteres, and antennae. For example, dpp DCO double mutant clones in wings were never associated with gross expansions of tissue or pattern duplications. In dorsal regions of the leg, dpp-DCO-clones never formed ectopically situated extreme dorsal bristle columns ( Figure 6A ). They were either incorporated into a normal pattern or formed an additional (ninth) bristle column in a dorsolateral position without inducing duplication of surrounding bristle columns ( Figure 6B ). dpp mutations did not reduce the incidence of phenotypes in ventral regions of the leg ( Figures 6C and 6D ), although they did allow a dramatic improvement in the recovery of marked mutant bristle columns ( Figure 6E ). No limb bifurcations or outgrowths were induced by clones mutant for DCO and any of the dpp alleles tested.
Both wg L2, a strong allele, and wg TM, a null allele, partially suppressed PKA mutant phenotypes in ventral regions of the leg ( Figures 6C and 6D ) without affecting the quality or incidence of either wing or dorsal leg pattern disruptions. However, suppression was modest. Clones still occasionally formed ectopically situated extreme ventral bristle columns and induced duplications in neighboring bristle columns ( Figure 6C ). Similarly, limb bifurcations and outgrowths were elicited, albeit at reduced frequency, by wg cx4 DCO-clones. Extensive ventral pattern alterations could still be induced in the absence of both normal wg and dpp alleles in DCO 1 clones ( Figures  6C and 6D ).
Constitutively Active PKA Can Antagonize hh Function at the AP Border
We wished to test whether abnormally high PKA activity could inhibit gene expression at the AP border. We used a mutationally altered mouse catalytic subunit (mC*) that is resistant to inhibition by regulatory subu nit (Orellana and McKnight, 1992) and expressed it from a GAL4-responsive promoter (GAL4 UAS-mC*). The mutant mouse catalytic subunit completely suppressed adult pattern defects elicited by regulatory subunit mutants when both were expressed under the influence of any of three GAL4 enhancer-traps (Figure 4) , showing that the mouse protein could function in Drosophila cells and was not inhibited readily by regulatory subunit. Indeed, the mouse catalytic subunit could substitute for DCO in imaginal discs. Thus, no ptc expression was seen in DCO mutant clones following either of two different severe heat shock regimes administered to animals carrying GAL4 UAS-mC* and hsp70-GAL4 transgenes ( Figures 7A and 7B) . Significantly, the same heat shock protocols almost completely inhibited normal ptc expression along the AP boundary ( Figure 7B ). Several controls were used to show that inhibition of ptc expression was due to elevated PKA activity and not to less specific effects, such as cell death or stress. Inhibition was dependent on heat shock and the presence of both transgenes and was reversed by an 8 hr recovery period ( Figure 7C ). Thus, hyperactivation of PKA could inhibit the normal induction of ptc by hh at the AP border.
Do Hh, PKA, and Ptc Act in a Common Signal Transduction Pathway?
We tested whether repression of transcription by ptc was mediated by stimulation of PKA and whether induction of transcription by hh was mediated by a reduction in PKA activity by expressing low levels of the mutant mouse catalytic s0bunit from heterologous promoters. If the sole function of ptc were to activate PKA, then a given level of constitutive PKA activity should substitute equally well for ptc and for DCO. Second, if hh derepresses transcription exclusively by inhibiting PKA, then a physiological level of PKA activity that is constitutive should repress transcription at the AP border. In the first experiment, the mutant mouse catalytic subunit was expressed under heat shock control, as described earlier. DCO or ptc s2 mutant clones were induced in first instar larvae, followed immediately by transfer to 33°C to induce a mild, but constant heat shock. Under these conditions, normal ptc expression was maintained at the AP border; ectopic ptc was expressed in ptc s2 clones but not in DCO mutant clones ( Figures 7D and 7E ). Stronger induction of mouse catalytic subunit expression inhibited ectopic ptc expression in ptc s2 clones and normal ptc expression at the AP border ( Figure 7F ). Thus, low levels of mouse catalytic subunit suppressed the initiation of ptc expression in DCO-clones but not in ptc s2 mutant clones.
The ability of the mutant mouse catalytic subunit to oppose continued expression, rather than initiation, of ptc expression in DCO mutant clones and at the AP border was found to be very similar. A single I hr 37°C heat shock had no effect, three consecutive heat shocks reduced ptc expression at both locations, and five heat shocks eliminated all ptc expression (data not shown).
A second experiment used the "tip-out" technique (Struhl and Basler, 1993) to test whether mutant mouse catalytic subunit expressed from the actin 5C promoter (Bond and Davidson, 1986 ) could suppress adult phenotypes induced by DCO-and ptc s2 mutant clones. Recombination events leading to production of mouse catalytic subunit and to the generation of either ptc s2 or DCO null clones were induced in first instar larvae. The actin-mC* gene almost fully rescued phenotypes due to null DCO clones iill Figure 7 . Hyperactivation of PKA Activity Can Antagonize Hh; Low Levels of Constitutively Active PKA Rescue DCO but Not Ptc Mutant Phenotype DCO H2 clones (A-D) or ptc s2 clones (E and F) were induced by a single 37°C heat shock in first instar larvae that contained one copy of a GAL4-responsive mutant mouse catalytic subunit gene on 2R (same chromosome arm as ptc) and an hsp70-GAL4 transgene on the third chromosome. Third instar wing discs were stained with ptc antibody (blue) after (A) no additional heat shocks, (B) incubation at 33°C for 2 days immediately after clone induction, followed by t2 hr at 34°C, (C) incubation at 33°C for 2 days followed by 12 hr at 34°C and 8 hr at 25°C. (D) Expression of ectopic ptc in PKA mutant clones was completely inhibited by incubating first instar larvae at 33°C immediately following heat shock induction of clones, whereas (E) ectopic expression in ptc s2 clones was unaffected. Controls lacking mouse catalytic subunit or hsp70-GAL4 transgenes but treated identically showed ectopic expression of ptc in PKA mutant clones (data not shown).
(F) Incubation of third instar larvae for 12 hr at 34°C as in (B) inhibited ectopic expression of ptc in ptc s~ clones and ptc expression at the AP border. (G and H) PKA mutant clones were induced in firs't instar larvae that were subsequently treated as in (B) in the presence (G) or absence (H) of an hsp70-ptc transgene (Schuske et al,, 1994) and then returned to 25°C for 2 hr before staining with ptc antibody. (G) Residual expression from the hspTO-ptc gene is still evident but high level ptc staining at the border has been drastically reduced compared to controls (H) treated in parallel.
but did not affect pattern abnormalities induced by ptc s2 clones ( Figure 6 ). Furthermore, imaginal discs showed normal ptc expression at the AP border, and adult flies from these experiments had blistered wings but no phenotypes indicative of inhibition of hh function.
Biochemical Effects of Mouse PKA and Ptc Overexpression
PKA activity was measured in extracts of third instar wing imaginal discs from the experiments described above. In wild-type animals, 14% _ 2% of the endogenous PKA catalytic subunits were active in the absence of added cAMP, indicating the state of activation of endogenous PKA in vivo. Expression of the mouse catalytic subunit under conditions that suppressed phenotypes associated with DCO null clones but not ptc s2 clones induced a mC* activity that was 30% _ 10% of endogenous PKA activity, whereas inhibition of the maintenance of ptc expression in DCO-or ptc s2 mutant clones and at the AP border required a higher activity (60% _+ 16% of endogenous PKA activity). Heat shock-induced expression of an hsp70-ptc transgene repressed ptc expression at the AP border, as previously described (Figures 7G and 7H; but did not alter PKA activity in wing disc extracts (98% _ 10% of control).
Discussion
We have found that PKA is an integral component of the mechanism that restricts the expression of dpp, ptc, and wg in imaginal discs. Thus, loss of PKA activity in anterior wing or leg disc cells led to ectopic cell-autonomous transcriptional induction of ptc and dpp or wg, whereas hyperactivation of PKA could inhibit ptc expression at the AP border. Experiments that used a constitutively active form of PKA strongly suggest that ptc does not repress transcription by regulating cAMP or PKA subunit concentrations but.do not distinguish whether hh activates transcription by reducing PKA activity or through an independent signal transduction mechanism.
We also tested the contributions of induced dpp and wg expression in PKA mutant clones to the generation of adult pattern alterations. The results suggest that dpp is a major effector of growth and cell fate determination in wing discs and dorsal regions of leg discs but that a molecule other than dpp or wg may contribute to pattern in ventral regions of leg discs.
Transcriptional Effects of PKA Mutations Are Position Dependent and Cell Autonomous
Ectopic expression ofptc, dpp, and wg in anterior imaginal disc ceils was elicited either by expression of a PKA inhibitor or by mutation of the catalytic subunit gene DCO and could be suppressed by a constitutively active mouse catalytic subunit. Hence, reduced catalytic activity of PKA, rather than, for example, the generation of free regulatory subunit, was responsible for the observed phenotypes.
The exact transcriptional response to loss of PKA activity depended upon cell location, as previously observed in response to ectopic hh expression or normal hh protein at the AP border (Basler and Struhl, 1994) . Thus, in the leg disc, dorsal cells ectopically expressed high levels of ptc and dpp, whereas ventral cells expressed ptc, wg, and very low levels of dpp. A uniformly high level of ectopic expression was seen even in large PKA mutant clones, implying that the response was not dependent on a comparative mechanism requiring contact with cells outside the clone. Moreover, ptc expression was assayed to show In anterior imaginal disc cells away from the AP border, there is no detectable dpp or wg transcription, and ptc transcription is low due to repressive effects of ptc and PKA that are either interdependent (A and B) or independent (C and D). In anterior cells close to the AP border, extracellular hh induces high leve transcription of ptc, dpp (wing and dorsal leg disc), and wg (ventral leg disc). Hh may antagonize repression due to PKA by reducing PKA activity (A and C) or without altering PKA activity (B and D). Our data suggest that ptc activity cannot be substituted by physiological levels of constitutive PKA activity and that ptc overexpression does not alter PKA activity. Models (A) and (8) are not consistent with these results. In (C), hh inhibits PKA through binding to a receptor other than ptc; hh may also bind to ptc. In (D), hh does not regulate PKA activity; it may activate transcription through inhibitory effects on ptc, through stimulatory effects mediated by another receptor, or by both of these means. Solid lines indicate direct molecular interactions and dashed lines indicate indirect effects that are either stimulatory (arrows) or inhibitory (bars).
that ectopic expression was limited to PKA mutant cells at the border of clones and did not require functional hh protein.
Does Ptc Regulate the Activity of PKA?
A hh signal transduction pathway in which ptc mediates the regulation of PKA ( Figure 8A ) was attractive because uncertainties about the topology of the ptc protein (Hooper and Scott, 1989; Nakano et al., 1989) accommodate the possibility of seven transmembrane segments and coupling to G proteins capable of stimulating adenylyl cyclase (Hepler and Gilman, 1992) . However, alternative hypotheses were equally tenable. PKA is normally activated by an increase in cAMP concentration or by production of catalytic subunit in excess of regulatory subunit. We therefore tested whether ptc acts by regulating PKA activity by using a mutationally altered mouse catalytic subunit that does not require cAMP for activity and is not inhibited significantly by a 30-fold excess of regulatory subunit (Orellana and McKnight, 1992 ).
In two experiments using different promoters, the mutant mouse catalytic subunit could substitute for the Drosophila catalytic subunit gene, DCO, but not forptc activity as assayed by adult morphology or by ptc expression. In each case, the total PKA activity in the ptc s2 clone was probably greater than in the DCO clone for two reasons. First, the mouse catalytic subunit gene was on the same chromosome arm as ptc (2R), so that two copies were present in ptc s2 clones versus a single copy in DCO-clones. Second, DCO could provide some PKA activity in pto s2 clones but not in DCO-clones. Thus, ptc must repress transcription through a pathway that does not involve stimulation of PKA ( Figures 8C and 8D ). This deduction applies strictly to the regulation of PICA by cAMP or alteration of regulatory or catalytic subunit levels and not, for example, to regulation by a hypothetical homolog of the mammalian protein kinase inhibitor protein (Walsh et al., 1971) , to which the altered mouse catalytic subunit remains sensitive (Orellana and McKnight, 1992) .
A second argument favoring parallel ptc and PKA signaling pathways is the observation that ubiquitous overexpression of ptc could reduce ptc expression at the AP border without measurably altering PKA activity in wing discs. The same outcome could only be achieved by overexpression of PKA at levels that were readily detected biochemically.
Does Hh Regulate PKA Activity?
A low level of constitutively active mouse PKA could substitute for DCO without affecting ptc expression at the AP border or the normal development of imaginal discs. This might be interpreted to suggest that hh can regulate the expression of dpp, ptc, and wg without depressing PKA activity, However, there is a significant caveat to this inference. These experiments compared the ability of the mouse catalytic subunit to inhibit initiation of ectopic ptc expression in PKA mutant clones with its ability to inhibit maintenance of ptc expression at the AP border. It is quite possible that maintenance and initiation of ptc expression require different levels of activity of the hh signal transduclion pathway. Indeed, the mouse catalytic subunit inhibited the maintenance (rather than the initiation) of ptc expression in PKA mutant clones and at the AP border similarly. Thus, it is possible that hh regulates PKA activity through a receptor other than ptc ( Figure 8C ) and that greater reductions in PKA activity are required for initiation rather than maintenance of gene expression at the AP border. Perhaps more likely, hh may oppose transcriptional repression due to basal PKA activity by a mechanism that does not involve alterations in PKA activity ( Figure 8D ).
Role of Ectopic Dpp and Wg in Producing Pattern Alterations
The induction of dpp and wg in anterior imaginal disc cells close to the posterior compartment is clearly an essential function of hh (Baker, 1988; Posakony et al., 1991; Basler and Struhl, 1994) . However, it is not clear whether hh protein also acts directly over longer distances to pattern imaginal discs or precisely how dpp and wg contribute to the growth and fate of imaginal disc cells. Loss of PKA activity can substitute for hh in stimulating imaginal disc growth at the AP border and produces very similar transcriptional and adult patterning phenotypes to those elicited by ectopic hh in anterior cells away from the AP border. Thus, the contribution of a given gene to pattern abnormalities induced by PICA mutant clones is likely to reflect the normal role of that gene when expressed at the AP border under the inductive influence of hh.
Cells within DCO-clones in the wing and leg generally behaved as if they were close to the AP compartment boundary and induced both growth and corresponding fate changes in neighboring cells. By contrast, dpp-DCOclones distant from the AP border did not adopt characteristics of cells close to the AP border, such as formation of extreme dorsal bristle columns in the leg or double-row bristles at the wing margin; nor did they induce the duplication of large territories of the wing or dorsal leg tissue. dpp-DCO-clones did, however, like DCO-clones, include an increased density of marginal and chemosensory bristles and cause local bifurcations of veins in the wing; they also occasionally formed a single extra bristle column dorsally in the leg. Thus, dpp induction appears to be essential for PKA mutant clones to adopt ectopic extreme dorsal fates in the leg and largely responsible for inducing growth and pattern alterations in neighboring cells in the wing and dorsal regions of the leg. The residual phenotypes induced by dpp-DCO-clones show that dpp induction is not the only significant response of wing and dorsal leg disc cells to loss of PKA activity.
A slightly reduced incidence of ventral leg pattern alterations resulted from loss of wg activity in PKA mutant clones. However, both DCO-wg cx4 (null) and dpp-wg L2 DCO-clones could still induce the formation of multiple additional bristle columns. This suggests that ventrally situated PKA mutant clones may be capable of inducing a gene other than wg or dpp that can influence the growth of neighboring cells. Indeed, since the most noticeable effect of wg mutations was to reduce the incidence of ectopic extreme ventral bristle columns, it may be that ectopic wg expression serves only to influence cell fate autonomously and that its ability to organize surrounding tissue depends on the expression of other genes (see Diaz-Benjumea et al., 1994) .
Several recent experiments suggest that proximodistal growth of legs and wings is governed by at least two closely juxtaposed molecular cues (Meinhardt, 1983; Baker, 1988; Campbell et al., 1993; Diaz-Benjumea and Cohen, 1993; Diaz-Benjumea et al., 1994; Basler and Struhl, 1994) . Supernumerary wing blades were only associated with PKA clones that included the wing margin and were induced by DCO-and wg cx4 DCO-clones but never by dpp-DCO-clones. This is consistent with the idea that coincident expression of endogenous wg and ectopic dpp at the presumptive wing margin may specify appendage outgrowth. Supernumerary legs were induced by DCO-and wg cx4 DCO-clones but never by dpp-DCO-clones, implying that ectopic dpp, but not ectopic wg expression, is essential to the induction of supernumerary appendages by PKA mutants. This does not exclude the participation of ectopic wg expression in the induction of supernumerary legs by DCO-clones nor of endogenous wg in the induction of bifurcations by wg cx4 DCO-clones. However, it does suggest that a third gene may be able to collaborate with dpp to direct the formation of a supernumerary leg.
Experimental Procedures
Generation of DCO Mutant Clones in Imaginal Discs
First instar larvae (24-48 hr after egg laying) from the cross [ to induce mitotic recombination at the base of 2L, DCG s3 and DCO "2 alleles produce no detectable stable protein, behave like a deficiency in assays of viability and fertility, and are on chromosomes free of other lethals Kalderon, 1993, 1994 (Kassis et al., 1992) . In experiments using a hh tS2 allele, both parents were hhtS21TM6B, Tb Hu (Lindsley and Zimm, 1992) and hht'~lhht'2 progeny were identified according to Tb.
Imaginal Disc Staining
A modified protocol of Tautz and Pfeifle (1989) was used for disc RNA in situ hybridization. Antibody staining was carried out as in Xu and Rubin (1993) using anti-Myc epitope monoclonal antibodies (Oncogene Science) followed by biotinylated anti-mouse IgG (Vector), reagents A and B (Vectastain ABC elite kit), and Texas red Avidin D (Vector) or rabbit anti-~-galactosidase followed by FITC-conjugated anti-rabbit IgG. Alkaline phosphatase conjugated anti-mouse IgG was used following mouse monoclonal anti-~-galactosidase (Cappel) or anti-ptc (1. Guerrero, University of Madrid) antibodies.
Expression of Constitutively Active Mouse Catalytic Subunit Gene
The mutant mouse catalytic subunit gene, mC* (H87Q; W196R), together with the human growth hormone polyadenylation signal (Orellana and McKnight, 1992) was placed 3' of a GAL4-responsive promoter (Brand and Perrimon, 1993) or an actin promoter and an FRT-flanked yellow gene (Struhl and Basler, 1993) . Transposasemediated mobilization of a GAL4-UAS-FRT-y+-FRT-mC * transgene led to the recovery of several lines that had lost the yellow gene, including one that mapped to 2R to give a GAL4 UAS-FR/-mC* transgene.
Protein Kinase Assays
Wing imaginal discs (30-40 pairs) were dissected in ice cold buffer A and extracts made in 100 p~l of buffer A as described previously (Lane and Kalderon, 1993) . Kemptide phosphorylation rates of extracts were measured as described (Lane and Kalderon, 1993) , with (total PKA) or without (activated PKA) addition of 10 ~M cAMP.
